Autologous fibrin gel is commonly used as a scaffold for filling defects in articular cartilage. This biomaterial can also be used as a sealant to control small hemorrhages and is especially helpful in situations where tissue reparation capacity is limited. In particular, fibrin can act as a scaffold for various cell types because it can accommodate cell migration, differentiation, and proliferation. Despite knowledge of the advantages of this biomaterial and mastery of the techniques required for its application, the durability of several types of sealant at the site of injury remains questionable. Due to the importance of such data for evaluating the quality and efficiency of fibrin gel formulations on its use as a scaffold, this study sought to analyze the heterologous fibrin sealant developed from the venom of Crotalus durissus terrificus using studies in ovine experimental models. The fibrin gel developed from the venom of this snake was shown to act as a safe, stable, and durable scaffold for up to seven days, without causing adverse side effects. Fibrin gel produced from the venom of the Crotalus durissus terrificus snake possesses many clinical and surgical uses. It presents the potential to be used as a biomaterial to help repair skin lesions or control bleeding, and it may also be used as a scaffold when applied together with various cell types. The intralesional use of the fibrin gel from the venom of this snake may improve surgical and clinical treatments in addition to being inexpensive and adequately consistent, durable, and stable. The new heterologous fibrin sealant is a scaffold candidate to cartilage repair in this study.
Introduction
Fibrin sealant (or fibrin gel) is a biomaterial that was initially developed as a hemostatic, surgical, and reparative agent. 1, 2 The advantages of this biological sealant include excellent tissue tolerance, complete reabsorption, and significant clinical improvement when combined with various treatments. 3, 4 Commonly used fibrin sealant is obtained by adding thrombin and calcium chloride to fibrinogen-rich plasma. 1 This gel demonstrates hemostatic and reparative properties when used in a variety of clinical and surgical applications. These properties have also been employed successfully in scaffolds and adhesives to improve the repair and regeneration of fibrocartilage and elastic, craniofacial, and articular cartilages. 5, 6 Fibrin sealant has two main functions. The first is to serve as a carrier for the extracellular matrix and a scaffold for the administration of treatments, with the main advantage being its ability to preserve the biochemical and original properties of the implants. [7] [8] [9] The second function of fibrin sealant is to speed up the repair of wounds and lesions, thereby lowering the probability of hemorrhage (hemostatic agent) and protecting the site against bacterial infection. 10 This biomaterial can be prepared from fibrinogen-rich plasma, which contains many proteins including fibronectin and plasminogen and platelets. Fibrin sealant is also available in commercial formulas, which demonstrate strong tensile and adhesive strength, and gels with high fibrinogen concentrations generate a more viscous product. 1, 11 The fibrin gel obtained from the venom of the Crotalus durissus terrificus snake, a rattlesnake, contains serinoprotease, a protein in the venom that has been characterized as thrombin-like and acts in a similar manner as thrombin. 12 In fact, this snake-derived fibrin gel has been used as a hemostatic agent to improve the healing of tissues, [13] [14] [15] and this formulation seems to presents all of the beneficial characteristics that accompany the common fibrin sealant.
The use of this type of gel is required for cellular implants in articular cartilage lesions, for example, because it provides a 3-dimensional (3D) environment (as a scaffold for chondrocytes). Moreover, the new heterologous fibrin sealant derived from Crotalus durissus terrificus snake venom possesses the advantages of a thrombin-like protein with activities similar to other forms of thrombin but about 4000-fold more potent than human thrombin,. It is also inexpensive and easy to obtain and apply. 13, 15 Fibrin gel from this snake's venom, as a commercial formulas for common use, is degraded by components of the extracellular matrix, such as macrophages and fibroblasts, 16 resulting in the generation of nontoxic molecules to accelerate the healing process. However, the durability of this fibrin gel remains uncertain, and current formulations likely last one to three weeks in vivo. 17, 18 Moreover, its use may be restricted due to its lack of mechanical stability, depending on the species that it is used on and the repair protocol. 18 Keeping in mind the importance of these data for the quality and efficiency of treatments using fibrin sealant, the current study sought to analyze the safety, durability (period that it remains intact in the implant site), and stability of fibrin gel developed from rattlesnake venom using both in vitro and in vivo ovine experimental models showing the results of preliminary studies.
Methods
This study was approved by the Ethics Committee on Animal Use on April 13, 2012, by the protocol: 46/ 2012-CEUA. Fibrin sealant developed from the venom of the rattlesnake was kindly provided by the Center for Studies of Venoms and Venomous Animals (Centro de Estudos de Venenos e Animais Peçonhentos-CEVAP) of São Paulo State University (UNESP-Univ Estadual Paulista) (Brazil). This gel is made of a thrombin-like compound derived from the venom of the snake and is cryoprecipitated in animal fibrinogen and a calcium chloride solution. This formulation is similar to the contents of commercial sealants but includes nonhuman products. Its composition is waiting for phase 2 clinical studies to be patented and registered by National Agency of Sanitary Surveillance (ANVISA, Brazil).
For implantation of the gel, chondral defects were experimentally induced by artrothomy in eight healthy ovines of the Texel-mix breed. The animals were between the ages of 18 and 36 months and had a mean weight of 30 kg. An area of approximately 14 mm 2 in the access site to the patellofemoral joint underwent tricothomy, followed by antisepsis. With the animal placed in dorsal decubitus and duly anesthetized, the articular access was opened according to the technique described by Allen et al. 19 An incision of the skin was performed in a semicircle, immediately medial to the patellar tendon. The adjacent tissue was separated until the entire articular capsule and patellar tendon were exposed. The articular capsule was penetrated without unnecessary damage to the patellofemoral ligaments.
The chondral defect was initiated on the articular surface of the medial femoral trochlea, using a shaver with a 3-mm circular drill and a diameter of approximately 0.07 mm per joint (animal). The hyaline cartilage and the calcified cartilage were removed via discrete drilling so that the gel could be adhered to the receiving site. The subchondral bone was not drilled to prevent the inflow of bone marrow cells.
Immediately after performing the chondral defect, the gel compound was deposited strictly over the previously created defect, with the help of a syringe and a hypodermic needle. The gel was administered in its final stage of ''gelation,'' according to the recommendations by CEVAP, the developers of the gel, and formed an irregular-shaped 3D scaffold. The joint remained open until complete gelation, adaptation to the shape, and drying of the gel. All of the applications were photographed for posterior macroscopic comparison ( Figure 1 ).
All planes were then sutured with separate stitches. After the surgeries, the animals received a regimen of antibiotics, tetanus serum, anti-inflammatory treatments, and daily wound cleaning for 10 days until the stitches were removed. All eight ovines were posteriorly divided in two groups. Group 1 (G1, 4 ovines) was euthanized 7 days after placement of the implant, and Group 2 (G2, 4 ovines) was euthanized 15 days after implanting the gel. This division was made because of the questionable durability of the gel, varying one to three weeks as reported in the literature. [16] [17] [18] After euthanasia, both for G1 and G2, the medial trochlea of the femurs were removed so that the lesion site and subsequent implant site of the gel remained preserved. The same maneuver was performed on the contralateral member to obtain a control sample from each animal. These samples were macroscopically analyzed, photographed, and stored in formalin for subsequent microscopic and histopathological analysis at the Pathology Department of the School of Medicine of Botucatu (UNESP-Botucatu-FMB, SP, Brazil).
Magnetic resonance images were obtained from a healthy animal (without injuries) and another animal seven days after the lesion was induced (G1) and the gel was implanted, with the goal of analyzing the integration and permanence of the gel in the chondral defect site. Magnetic resonance imaging (MRI) was also performed on two other animals 15 days postoperatively (G2), with the goal of analyzing the behavior of the gel in the lesion during this period.
To complement the in vivo study, in vitro analyses were also performed using the same formulation of the rattlesnake venom fibrin gel. The contents of the gel were homogenized (mixed), similarly to the gel used in the in vivo implants, according to the recommendations of CEVAP. In the final gelation stage, the compound was poured onto a single spot in a Petri dish (Tissue Culture Petri Dishes-TPP, Switzerland), forming an irregular 3D scaffold. The plate was closed and maintained throughout the experiment in a 5% CO 2 incubator at 37 C, with manipulations only performed in a laminar flow hood. After complete gelation, 3 mL of phosphate-buffered saline was added to each plate to maintain the moisture content. Five Petri dishes were studied, each containing the same amount of gel implanted in the in vivo study. The physical macroscopic characteristics of the ''gels,'' including consistency, durability, hydration, tridimensionality, and time to gelation, were then evaluated. The gels were photographed every 24 h for 15 days to record any alterations or problems in the gel characteristics.
Results
After the gel was applied, it occupied the whole injury site; slight leaking was observed to the area adjacent to the created circumference, but this did not interfere with the complete filling of the injury. The drying (or gelation) occurred within 1 min, on average, and the color changed from transparent to grey after drying. The gel was easily applied and handled; even without the use of commercial kits or special syringes, implantation was successful. There were no undesirable clinical reactions (such as exaggerated inflammation) over the 15 days of this experiment.
After performing euthanasia in G1, the gel could still be found at the injury site on the medial trochlea (7 days after implanting). The gel presented a stable macroscopic appearance and remained in its initial format, according to photographic comparison. There was no alteration in color, consistency, or shape of the gel, and it was perfectly adhered to the receiving site. However, there was significant synovial fluid present at the site of injury. After performing euthanasia in G2 (15 days after the implant), no vestige of the gel was observed upon exploration of the joint. In addition, there were no signs of any remaining implanted material, and the significant amount of synovial liquid detected in G1 was not observed.
In the microscopic examination of the samples collected at day 7 (G1), the injury site was filled with an acellular structure, without any morphologic pattern, and we observed the presence of eosinophilic cells and interlaced fibrils, likely constituting the remaining gel (Figure 2(a) ). The microscopic examination of the samples collected on day 15 (G2) revealed an interaction between the normal cartilage around the lesion and the expected neoformed fibrocartilage at the injury site, without modifications resulting from the implementation of gel (Figure 2(b) ). There were no signs of the gel remaining in the injury site after 15 days.
The images obtained from MRI analysis showed a clear difference between the gel and the cartilage. Specifically, at seven days after implantation, the gel was present at the injury site and stably attached to the surrounding healthy cartilage. The cartilage showed greater radiointensity than the gel, and a low-radiointensity halo could be observed between the gel and cartilage, which indicated the interaction of the gel with the receiving site (Figure 3 ). On the MRI examination, 15 days after the implant, only the injury site without the gel was observed.
The macroscopic morphological characteristics of the gel in the complementary in vitro study were favorable. The gel maintained its consistency, moisture content, and tridimensionality. The time until complete gelation was 43 s, on average. All five gel plates demonstrated durability longer than 15 days (Figure 4 ).
Discussion
Fibrin gel (sealant) made from the venom of the Crotalus durissus terrificus snake contains serinoprotease, a thrombin-like protein with an activity similar to other forms of thrombin. 12 In addition, the serinoprotease has a higher capacity to convert fibrinogen to fibrin than bovine thrombin, 15 and this snake-derived fibrin may also be used with autologous, heterologous, or homologous fibrinogen. 14 In this case, sealant with a better consistency (stronger) than those used with autologous thrombin or bovine lyophilized thrombin can be developed. Moreover, these new forms of fibrin gels can demonstrate better consistency than the commercial products (commercial kits or sealants and fibrin sealants), with the advantage of being far less expensive. 11 Because it is a preliminary study, we did not aim to test the comparison with other commercial products, but only the applicability and safety of this sealant from venom of the Crotalus durissus terrificus. However, further studies should be conducted to compare commercial kits with sealant presented here.
The gel from the venom of the rattlesnake also possesses anti-inflammatory properties, 14 and this material was previously used in other studies 13 to evaluate the healing of hysterectomies performed in female dogs. Fibrin gel from snake venom was selected for this study because previous studies performed by CEVAP in Botucatu showed satisfactory use of this sealant with promising results; in particular, this gel performed in a similar way to previously developed fibrin sealant. 20, 21 Snake-derived fibrin gel also stimulates granulation tissue and does not trigger a strong inflammatory response. 13 In our study, the rapid and normal generation of fibrocartilage, which completely filled the injury site in G2, showed the inert or beneficial effects of the gel implantation; however, detailed studies and quantitative analysis of innate and adaptive immunological response are still required, at different time points after implantation.
The anti-inflammatory effect of the gel in G2 may have also helped to prevent the increased production of synovial fluid observed on day 7 (G1), probably due to surgery. The synovitis caused by surgical manipulation was expected, and this condition typically results in the effusion of synovial liquid, protein and fibrinogen, and the influx of leukocytes. 22 Alterations mainly involving the synovial membrane and the articular cartilage are a result of articular inflammation and the normal increase in synovial liquid. 23, 24 Therefore, the greater effusion observed on day 7 was not considered an adverse reaction to the ''gel's'' implantation, and its remission, despite being natural and expected on day 15, was most likely improved by the presence of the gel. Similarly, previous studies have shown that treatment of chondral defects with gel also helps to reduce articular inflammation. 25 Fibrin gel has been largely used as a tridimensional scaffold, mainly in the treatment of injuries of the articular cartilage. 26 Its ease of use (in liquid form), polymerization, and high adherence to the injury site are some of the advantages of using this biomaterial. The scaffolds formed by the fibrin gel were effective in supporting cellular implants and promoting cell proliferation. In addition, fibrin clots have been shown to interact with and stimulate cell adhesion at the injury site. 27, 28 Therefore, according to the studies performed here, fibrin gel made from the venom of the rattlesnake showed satisfactory results of these preliminary measures, like adhesion and stability.
Fibrin is degraded by components of the extracellular matrix, resulting in the generation of nontoxic molecules that promote the healing process. According to the literature, the durability of fibrin sealant at the injury site is limited, ranging from one to three weeks and depending on the physiological time required to absorb a normal blood clot. 11, 17, 18 In the present study, we observed that the absorption of the fibrin gel from snake venom persisted for longer than one week but less than 15 days. Thus, we concluded that absorption of the clot occurred near day 10, as the follow-up examinations did not detect any vestige of the gel on day 15. In contrast to reports in the literature that used common fibrin sealant, the gel tested here showed a slightly shorter reabsorption time, which represents one disadvantage of using this form of fibrin. This quick reabsorption may be explained by the heterologous components of the sealant, which could have stimulated a greater immune response than that observed in other experimental models. 29 However, the use of this venom-derived fibrin gel did not show mechanical instability, according to what has been described in previous studies using common fibrin gels. 18, 30 Nevertheless, comparative controlled studies should be performed to put together commercial fibrin sealant kits and the fibrin sealant from snake venom as a development of this preliminary study.
In addition to several advantages observed in the use of this gel from rattlesnake venom presented in this study, it is well known that the commercial fibrin sealants using thrombin-and fibrinogen derived from human blood have expensive production and labor processes, plus pose the possibility of the transmission of infectious diseases. [31] [32] [33] In contrast, the new heterologous fibrin sealant derived from Crotalus durissus terrificus snake venom contains a thrombin-like protein with an activity similar to other forms of thrombin but about 4000-fold more potent than human thrombin. [34] [35] Therefore, our fibrin sealant is produced from buffalo fibrinogen, a species able to donate a large amount of blood-diminishing product costs. 36, 37 Together, these findings led us to conclude that fibrin gel made from the venom of the rattlesnake seems to present adequate consistency and stability. It could be used as a scaffold, as well as being inexpensive and easy to obtain and apply. In particular, the durability of this gel was greater than one week but less than 15 days. Moreover, its applicability was excellent, and the gel did not trigger undesirable effects, such as inflammation, and allowed a normal repair process in this study. After performing additional and complementary studies, including the use of cell cultures and the in vivo comparison with other types of biological gels, this form of fibrin gel could be used as a scaffold or sealant, in several types of surgical treatment.
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